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a  b  s  t  r  a  c  t
This  study  investigated  the  composition,  structure  and  optical  properties  of  amorphous  SiCo  and  GeCo
ﬁlms.  The  samples  were  prepared  by radio  frequency  sputtering.  Films  were  deposited  with  Co  atomic
concentrations  in the  range  of 1.7–10.3  at.%.  After deposition,  the  ﬁlms  were  submitted  to  thermal
treatments  up  to 900 ◦C  and  investigated  by energy  dispersive  X-ray  spectrometry,  X-ray  diffraction,
Raman  scattering  and  optical  transmission  spectroscopy.  Additionally,  magnetic  force  microscopy  mea-
surements were  performed  at room  temperature.  For  comparison  purposes,  Co-free  samples  were also
prepared,  annealed  and characterized  following  a similar  procedure.  The  experimental  results  indicated
the following:  (1)  the  Co atoms  were  effectively  and  homogeneously  incorporated  into  the amorphous
hosts;  (2)  the  as-deposited  ﬁlms  (either  pure  or containing  Co)  were  essentially  amorphous;  (3)  anneal-
ing  the ﬁlms  at high  temperatures  induced  crystallization;  (4)  after  crystallization,  non-magnetic  CoSi2
(silicide)  and  CoGe2 (germanide)  phases  were  identiﬁed  in  the  Co-containing  Si and  Ge  ﬁlms,  respec-
tively;  (5)  the  optical  properties  of  the  ﬁlms  were  signiﬁcantly  affected  by  the  insertion  of  Co  and  by  the
annealing  temperature;  and  (6)  the  samples  exhibited  a  reduced  magnetic  signal  at  room  temperature.
These  experimental  observations  were  systematically  studied,  which  are  presented  and  discussed  in  this
report.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
Ferromagnetic semiconductors, which have magnetic-
semiconducting properties, have been a subject of great interest
(both academic and technological) because they are potentially
useful for spintronics. Spintronics applications require the manip-
ulation of both the charge and the spin degrees of freedom of the
electron. The development of materials for spintronics will allow
devices to be manufactured that are faster and have low-power
consumption (see, for example [1]).
Doping traditional semiconductors (e.g., II–VI, IV–VI and III–V
compounds) with transition metals has been systematically inves-
tigated to identify materials useful for spintronics [2].  With the
purpose of developing ferromagnetic semiconductors compatible
with the current (micro-) electronics industry, group-IV semicon-
ductors doped with Mn  were also recently studied in detail [3–5].
However, the insertion of Mn  in crystalline silicon (c-Si) and ger-
manium (c-Ge) has been very limited [3,5]. The Mn  concentration
in these systems was usually very low, and the distribution is
∗ Corresponding author. Tel.: +55 16 3373 9823; fax: +55 16 3373 9811.
E-mail address: ferri@ursa.ifsc.usp.br (F.A. Ferri).
inhomogeneous; therefore, the origin of ferromagnetism is not
clear. On the other hand, the inherent structural metastability of
amorphous silicon (a-Si) and germanium (a-Ge) matrices increases
the solid solubility of foreign species [6–8]. This property is the
motivation of many investigations involving amorphous magnetic
semiconductors [9–18]. Due to the amorphous (or disordered)
nature of a-Si and a-Ge, a large amount of Mn can be incorporated in
a homogeneous distribution [9,10,12,15–18],  which can eventually
lead to magnetic activity [9,12,16,17].
While keeping these concepts in mind and in contrast to studies
involving a-Si- [9–11] and a-Ge-based [12–14] magnetic semicon-
ductors published by other research groups, this work aimed to
synthesize amorphous Si and Ge ﬁlms containing Co as an impu-
rity and to subsequently characterize the composition, structure
and optical properties. In addition, similar to some of our previ-
ous work [16,17], we  explored the magnetism of these materials
using magnetic force microscopy. From a complementary and sys-
tematic approach, we investigated the properties of the ﬁlms as a
function of the following variables: (1) the inclusion of different Co
concentrations and (2) the existence of different degrees of atomic
ordering that resulted from post-deposition thermal treatments.
The experimental results provide useful information regarding the
characteristics of this class of materials.
0254-0584/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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2. Experimental details
All amorphous SiCo and GeCo ﬁlms in this study were prepared
by radio-frequency (13.56 MHz) sputtering 5 in. crystalline silicon
or germanium targets in an atmosphere of pure argon using con-
ventional methods. The ﬁlms, typically 1 m thick, were deposited
onto c-Si, c-Ge, c-quartz and glass substrates at 150 ◦C. The insertion
of Co was achieved by partially covering the silicon or germanium
targets with small pieces of metallic cobalt. Varying the area cov-
ered with Co led to the variation in the Co content of the ﬁlms
[19]. Si samples with a [Co] in the 2.8–10.3 at.% range and Ge ﬁlms
with [Co] between 1.7 and 7.6 at.% were prepared. For comparison,
Co-free Si and Ge ﬁlms were also prepared.
After deposition, the ﬁlms were submitted to cumulative
isochronal (15 min) thermal annealing treatment in the 200–900 ◦C
temperature range under a continuous ﬂow of argon. The thermal
treatments were performed on the ﬁlms at the following intervals:
(1) 150 ◦C for the Si ﬁlms and (2) 100 ◦C for the Ge ﬁlms.
The composition of the ﬁlms was determined by energy disper-
sive X-ray spectrometry (EDS) measurements from a 20 kV electron
beam impinging on an area of approximately 100 × 100 m2. The
optical properties of the ﬁlms were examined by transmission
measurements in the near-infrared range. The atomic structures
of the samples were investigated by (micro-)Raman spectroscopy
and X-ray diffraction (XRD) experiments. The Raman measure-
ments were performed in the backscattering geometry, which
employed a 632.8 nm laser. Sample areas of approximately 1 m2
were analyzed using an average power density of approximately
200 W m−2. The XRD experiments were performed in a –2
geometry (20–90◦ range), with a continuous rate of 1◦ min−1 using
Cu K radiation. Finally, the magnetic properties of the ﬁlms were
determined through magnetic force microscopy (MFM)  analysis.
All experimental characterizations were performed at room tem-
perature.
3. Results and discussion
Fig. 1 illustrates the correlation between the [Co] determined by
EDS as a function of the target area covered by Co during the depo-
sition of the ﬁlms. For illustration purposes, the inset compares
the EDS spectra of as-deposited Co-containing Si and Ge ﬁlms. The
main X-ray emission lines are indicated. Due to the substrate used
in each type of ﬁlm, there was the appearance of X-ray emission
peaks attributed to Ge in the SiCo sample and Si in the GeCo ﬁlm. It
is important to note that the EDS measurements were performed
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Fig. 1. The Co concentration measured as a function of the area of Co employed dur-
ing  deposition of the as-deposited SiCo and GeCo ﬁlms. The dashed straight lines are
guides for the eye. The inset shows energy dispersive X-ray spectra of the following
as-deposited ﬁlms: a SiCo ﬁlm containing 10.3 at.% of Co deposited on c-Ge (black
line) and a GeCo ﬁlm containing 7.6 at.% of Co deposited on c-Si (red line). (For inter-
pretation of references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
on multiple regions of the samples. Therefore, the following obser-
vations were made based on the EDS data: (1) the Co atoms were
effectively and homogeneously incorporated in the as-deposited
ﬁlms, (2) the measured Co concentrations are directly proportional
to the amount of area covered by Co during ﬁlm deposition, (3)
there was approximately 2 at.% of argon in the samples as a result
of the deposition process, and (4) a comparison between measure-
ments of the [Co] before and after thermal treatment indicated that
the [Co] remains constant (within experimental error).
Fig. 2 shows Raman spectra of pure samples and several
as-deposited SiCo and GeCo samples containing different concen-
trations of Co on c-quartz substrates. In this ﬁgure, the transverse
optical-like (TO-like) phonon modes associated with Si and Ge were
present. As shown in Fig. 2(a), the as-deposited Si ﬁlms exhibited
featureless and relatively broad Raman signals at approximately
465 cm−1, which indicated that the ﬁlm was amorphous. In con-
trast, thermal treatments at high temperatures (≥900 ◦C) induced
crystallization in the ﬁlms, and the crystallization temperature
was independent of the Co concentration. In this case, a well-
deﬁned signal was observed in the spectrum at approximately
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Fig. 2. Normalized Raman spectra of as-deposited (a) SiCo and (b) GeCo samples (pure and containing various amounts of Co) deposited on c-quartz. The insets show the
ω  as a function of the annealing temperature for the (a) SiCo and (b) GeCo ﬁlms. AD refers to as-deposited. The lines in the insets are guides for the eye.
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Fig. 3. X-ray diffraction patterns of thermally annealed (a) SiCo and (b) GeCo ﬁlms deposited on c-quartz: pure (black lines) and containing various amounts of Co (red lines).
The  green dashed lines indicate the peaks that are most likely due to secondary phases in the ﬁlms. (For interpretation of references to colour in this ﬁgure legend, the reader
is  referred to the web version of this article.)
525 cm−1, indicating the presence of Si crystallites (not shown)
[16,18]. The metallic behavior exhibited by Si samples contain-
ing high Co concentrations is similar to the behavior previously
observed in Mn-containing Si ﬁlms [16,18]. As in the case of the
SiCo ﬁlms, the as-deposited GeCo ﬁlms were amorphous, which
showed unresolved and relatively wide Raman signals at approx-
imately 270 cm−1 [Fig. 2(b)]. Thermal treatment at temperatures
≥500 ◦C induced crystallization in the ﬁlms, regardless of the Co
concentration. Therefore, a well-deﬁned signal was observed in
the spectra at approximately 300 cm−1, which indicated that Ge
crystallites were present [15,17]. Based on the Raman results of
the entire series of GeCo and SiCo ﬁlms, crystallization occurred at
temperatures ≥900 ◦C and ≥500 ◦C, respectively, which was  inde-
pendent of the Co concentration. The results provide evidence that
Co does not inﬂuence the crystallization process of Si and Ge ﬁlms.
Co was not effective in decreasing the crystallization temperature
of these systems [20,21], especially for a-Ge: while manganese
induced crystallization at low temperatures [15], Co is less efﬁ-
cient in promoting crystallization [21]. Additionally, the full width
at half-maximum height (ω) of the TO-like mode provided a good
description of the structural (dis)order present in Si and Ge ﬁlms
[22]. The insets of Fig. 2 show the ω values for several of the
SiCo and GeCo samples studied. As shown in the Fig. 2 insets, (1)
the insertion of Co slightly increases ω  with great clarity for
the as-deposited Si ﬁlms, and (2) thermal annealing at relatively
high temperatures signiﬁcantly diminished the ω  values, i.e., the
atomic structure of the ﬁlms became more ordered.
Secondary phases were not observed in the SiCo and GeCo sam-
ples using Raman spectroscopy, which was most likely due to the
low Raman activity of the ﬁlms [23,24]. However, the formation
of secondary phases were observed using X-ray diffraction, which
was more evident in the SiCo ﬁlms. Fig. 3 shows XRD diffractograms
of several of the SiCo (Fig. 3(a)) and GeCo (Fig. 3(b)) ﬁlms investi-
gated. The main diffraction peaks (as well as their corresponding
crystallographic orientations) are indicated. Similar to the Raman
spectra, the inﬂuences from Co insertion and thermal treatment on
the structure of the a-Si and a-Ge ﬁlms were observed. As shown in
Fig. 3(a), after the Si sample with a [Co] of approximately 10.3 at.%
was annealed at 900 ◦C, narrow, well-deﬁned diffraction peaks
were observed, which were associated with the presence of Si crys-
tals and the CoSi2 silicide in different crystallographic orientations.
Similarly, the Ge sample with a [Co] of approximately 7.6 at.% was
annealed at 500 ◦C, and also showed narrow, well-deﬁned diffrac-
tion peaks (Fig. 3(b)). The peaks were associated with the presence
of Ge crystals and the possible formation of the CoGe2 germanide.
It should be emphasized that compounds such as CoSi and CoGe
are non-magnetic [25,26]. Nevertheless, in some cases, secondary
phases can enhance the magnetism of the material that result in
remarkable magnetic properties [5,16].
Similar to other Si- or Ge-based compounds, the
optical–electronic properties of the SiCo and GeCo ﬁlms are
inﬂuenced by the presence (and quantity) of impurities. Some
of the effects were determined through the optical transmission
data (Fig. 4) obtained from as-deposited Si and Ge ﬁlms (both
pure and containing various concentrations of Co). The spectra
were obtained for ﬁlms deposited on c-quartz in the region of
700–1700 nm for the Si ﬁlms and in the range of 1000–1700 nm
for the Ge ﬁlms. Similar to the results of optical transmission
previously performed on Mn-containing Si [18] and Ge [15] ﬁlms,
it was possible to observe the following: (1) the appearance of
interference fringes due to the ﬁlm-substrate interface [27], (2) a
considerable decrease in the optical transmission as the Co con-
centration increased, and (3) in general, the transmission increased
slightly as the annealing temperature increased (not shown). The
second observation was expected because the presence of Co in
the a-Si and a-Ge matrices increased the density of defects (more
precisely, band-tail states), which are responsible for the optical
absorption processes [6,28].  The optical transmission consistently
experienced a signiﬁcant variation with the insertion of Co. In
addition, this behavior is typical for heavily doped semiconductor
compounds, which occurs because of extrinsic and/or free-carrier
absorption processes associated with the presence of foreign
species [29,30]. The third observation is associated with minor
changes in the atomic structure of the amorphous ﬁlms, which
promote structural–electronic improvements by reducing the
density of defects. Additionally, Co-containing Si ﬁlms annealed at
high temperatures showed a signiﬁcant decrease in optical trans-
mission compared to ﬁlms annealed at low temperatures. This
observation was  attributed to the existence (and/or interaction) of
structures on the surface of these samples, as observed from the
atomic force microscopy measurements (not shown), which can
cause light scattering [31]. The decrease in optical transmission
may  also be due to the formation of CoSi2.
For the SiCo and GeCo samples, the E04 optical bandgap (i.e.,
the energy at which the absorption coefﬁcient is 104 cm−1) [30]
was determined by processing the optical transmission spectra.
The insets of Fig. 4 illustrate the E04 optical bandgap behavior as
a function of the Co concentration for ﬁlms with and without heat
treatment. As was observed in the Mn-containing ﬁlms [15,18],
the E04 optical bandgaps of the samples were highly inﬂuenced
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Fig. 4. Optical transmission spectra in the near-infrared wavelength range of as-deposited (a) SiCo and (b) GeCo ﬁlms deposited on c-quartz (pure and containing various
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by the incorporation of Co and thermal treatment. The follow-
ing observations were made: (1) the value of the E04 bandgap
decreased as the [Co] increased, and (2) the magnitude increased
as the annealing temperature increased. As an exception, the E04
optical bandgap of the SiCo ﬁlms that annealed at high tempera-
tures showed signiﬁcantly decreased values. In particular, for the
highest Co concentrations ([Co] of approximately 8.6 and 10.3 at.%),
the ﬁlms did not transmit over the wavelength region measured. As
previously mentioned, the development of the CoSi2 silicide, which
has a formation temperature between 500 and 600 ◦C and an opti-
cal bandgap value <0.5 eV, is one possible reason for this behavior
[24,32].
The MFM  technique was  used for the magnetic characterization
of the SiCo and GeCo ﬁlms deposited on c-quartz. The measure-
ments were performed at room temperature under air in the
lift mode by means of a Co/Cr coated tip that was  magnetized
immediately before use. The MFM  tip scanned a line that was
approximately 20 m long across the c-quartz substrate, which
was partially covered by the ﬁlm [17]. By adopting this procedure,
the MFM  tip experienced a signal difference at the bare substrate-
ﬁlm edge, which is proportional to the magnetic response of the
probed region. The c-quartz did not exhibit magnetic contrast in the
MFM  measurements; therefore, the observed MFM signal is exclu-
sively due to the ﬁlms. To conﬁrm that the MFM  signal is mainly
of magnetic nature [33], the measurements were performed at a
ﬁxed tip-to-sample (substrate + ﬁlm) distance in the 100–2500 nm
range. The main results of these MFM  measurements are shown in
Fig. 5, which illustrate the results obtained for several SiCo and GeCo
samples without thermal treatment and after thermal treatment up
to the crystallization temperature.
As previously observed for Mn-containing samples [16,17] and
in accordance with the literature [34,35], the MFM  measurements
for the Co-free Si and Ge ﬁlms (both amorphous and annealed up to
crystallization temperature) did not exhibit any magnetic contrast.
When annealed at high temperatures, the XRD results indicated
that non-magnetic phases were present in the ﬁlms containing Co.
In addition, Co is less efﬁcient than Mn  in promoting ferromagnetic
alignment and a high magnetic moment for the Ge matrix [36]. A
similar behavior is expected for the SiCo system: the only phase that
can cause ferromagnetism at room temperature (or higher) is the
metallic Co, which has a Curie temperature of approximately 1382 K
[26]. Taking these considerations into account and considering that
the MFM  experiments were performed at room temperature leads
to the expectation that samples should exhibit a very weak or at
least less intense magnetic signal than the Mn-containing ﬁlms.
Therefore, the results of Fig. 5 are in agreement with the initial
expectations. Unlike the observation in samples with Mn  [16,17],
it was only possible to identify a slight decrease in the MFM  signal
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with the tip-sample separation, which was due to the compara-
tively lower signal intensity.
In principle, the thermal treatment for GeCo samples with the
same [Co] did not result in an intensiﬁed magnetic signal. How-
ever, the MFM  signal intensity was observed to increase as the Co
concentration increased [see Fig. 5(b)]. For example, the Ge ﬁlms
with [Co]s of approximately 1.7 and 7.6 at.% showed MFM  signals
of approximately 2 and 8 mV,  respectively (both samples were
annealed at 500 ◦C and the tip-sample separation was 500 nm).
Additionally, as shown in Fig. 5(b), the as-deposited Ge samples
exhibited a magnetic signal, which was most likely due to the exis-
tence of magnetically active Co atoms randomly distributed in the
amorphous network. For the annealed samples, due to the diffu-
sion of Co and the structural rearrangement of the network, it was
expected that the number of magnetically active Co atoms would
increase [26]. However, the magnetic activity did not “exceed” that
of the amorphous ﬁlms because of the formation of CoGe2. Finally,
an increase in the magnetic signal would be expected with an
increase in the [Co] because the number of magnetically active
Co atoms would also most likely increase. However, the results
for the SiCo ﬁlms were unexpected and not systematic. As shown
in Fig. 5(a), the unannealed sample with a [Co] of approximately
2.8 at.% showed a relatively high value for the MFM  signal due
to the magnetically active Co. After annealing at 900 ◦C, the value
diminished, which was most likely due to the formation of CoSi2.
In contrast, the as-deposited Si ﬁlm with the highest [Co] (approxi-
mately 10.3 at.%) had an extremely low MFM  signal. The low signal
was most likely due to the large number of magnetically inactive Co
atoms, which may  be associated with a highly disordered structure
[see the Raman spectrum in Fig. 2(a)]. After annealing at 900 ◦C,
the magnetic activity signiﬁcantly increased due to the diffusion
and consequent magnetic activation of the Co atoms. However, the
magnetic activity was limited by the existence of CoSi2; therefore,
the magnetism was less intense than the as-deposited ﬁlm with a
[Co] of approximately 2.8 at.%, which did not have the silicide phase
in principle.
As a ﬁnal point, the precise identiﬁcation (and origin) of the
magnetic activity of the SiCo and GeCo ﬁlms may  require the acqui-
sition of superconducting quantum interference device (SQUID)
magnetometry measurements at low temperatures. The system-
atic studies of the magnetic properties for the samples from this
investigation using this technique are under way and will be the
subject of a future communication.
4. Concluding remarks
This work presented a comprehensive investigation of sputter
deposited Si and Ge ﬁlms with cobalt in the approximate concentra-
tion range of 1.7–10.3 at.%. The composition, structure and optical
properties were investigated using EDS, Raman scattering, XRD and
optical transmission measurements. MFM  experiments were also
performed using an original approach. A detailed analysis of the
experimental data allowed us to conclude that all as-deposited
ﬁlms were amorphous and that the Co atoms were effectively and
controllably incorporated into the Si and Ge matrices. Moreover,
thermal annealing at high temperatures induced the crystalliza-
tion of the ﬁlms and the growth of non-magnetic secondary phases
in the Co-containing ﬁlms. Additionally, the optical properties of
the ﬁlms were signiﬁcantly affected by the insertion of Co and the
thermal annealing temperature. In addition, the samples exhib-
ited a reduced magnetic signal at room temperature, which can
be attributed to magnetically inactive Co atoms and/or to the for-
mation of non-magnetic secondary phases. In view of these facts,
we believe that the present set of experimental data contributes
relevant and useful information towards the comprehension of Si-
and Ge-based magnetic materials.
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